Abstract -In 2010-2012, the hydrogeological model (HM) of Latvia (LAMO) was established by the scientists of Riga Technical University (RTU). LAMO is run by the commercial program Groundwater Vistas (GV). LAMO has generalized the geological and hydrogeological data that were provided for the active groundwater zone by the Latvian Environment, Geology and Meteorology Centre (LEGMC). In 2013-2014, LAMO was notably upgraded and a large amount of real hydrogeological data were added. In 2015, new improvements of LAMO were accomplished. The size of HM plane approximation step was reduced twofold (from 500 meters to 250 meters), the base flows of rivers were calibrated by using the hydrological data of measured river streams, and the permeability maps of HM aquifers were refined. The present paper describes the essence of the new updates.
I. INTRODUCTION
The countries of the European Union (EU) are developing the HM which information is applied for the water resources management that must implement the EU aims defined in the Water Framework Directive [1] . In Latvia, the LEGMC specialists are preparing and updating the water resources management plans for the country.
In 2010-2012, the HM LAMO was established by the scientists of RTU. LAMO simulates the steady state mean hydrogeological situation of Latvia. In Fig. 1 , the location of LAMO is shown. LAMO includes 27 geological layers (Fig. 2) . The commercial program Groundwater Vistas is used for running of LAMO [2] . In [3] , the methods applied to create LAMO have been explained, and they are not described in this paper.
In 2013-2014, LAMO was considerably updated [4] , [5] . Due to these innovations, four successive versions of LAMO can be marked (Table I) . In 2015, the LAMO4 version was developed. In LAMO4, the following innovations were accomplished:
 the HM grid plane approximation step was decreased from 500 meters to 250 meters;  the river base flow of HM was calibrated by using the data provided by measured river streams (see the Appendix);  the permeability maps of LAMO4 were considerably improved [6] ;  the LAMO4 version was tested as the tool for investigating the mass transport processes for a river [7] . The innovations that have turned LAMO3 into LAMO4 are explained in the paper.
II. MATHEMATICAL FORMULATIONS
To describe the new upgrades of LAMO, some mathematics of HM must be considered. By using the 3D finite-difference approximation, the x y z -grid of HM is built. It consists of (h × h × m)-sized blocks (h is the block plane step; m is the variable thickness of a geological layer). For LAMO4, h = 250 meters.
LAMO provides the 3D distribution of piezometric head φ as the numerical solution of the boundary field problem which is approximated in the nodes of the HM grid by the following algebraic expression [4] :
where A is the hydraulic conductivity matrix for the geological environment that contains horizontal (Axy -transmissivity T) and vertical elements (Az -vertical hydraulic conductivity) of the HM grid; ψ and  are the boundary head and flow vectors, accordingly; G is the diagonal matrix assembled by the elements linking the nodes where φ must be found with the locations where ψ is given. In GV, the flows for rivers qrivers and lakes qlakes are simulated, as follows:
where Grivers and Glakes are diagonal matrixes (part of G) that assemble the elements linking the boundary conditions ψrivers and ψlakes (part of ψ) for the rivers and lakes with nodes of HM. These links control the interaction of the HM body with the rivers and lakes. In LAMO4, the elements of Grivers have been adjusted by accounting for the data provided by real measurements of the river streams (see the Appendix). In GV, the elements axy of transmissivity T for geological layers are computed, as follows:
where zi−1, zi are elevations, accordingly, of the top and bottom surfaces of the i-th geological layer; z0 represents the groundwater surface elevation ψrel map; p is the number of z-surfaces (for LAMO, p = 28); mi and ki are elements of the digital mi and ki-maps of the thickness and permeability of the i-th layer, respectively. The m-maps include the m = 0 areas, because most of the LAMO layers are outcropping. The presence of the m = 0 areas causes problems when the k-maps are created by using the formula:
where the mi-map acts as the divider; Ti is the data obtained from the pumping tests of wells. It is explained in [6] how the problem was solved when the improved k-maps for LAMO4 were created. To accelerate the convergence of iterative solution process of the very large system (1), the ψ-type boundary conditions are fixed on the exterior surfaces (top, bottom, sides) of the HM active body. The boundary conditions ψrivers and ψlakes of (2) also increase the elements of G that ensure faster solution process of (1) [8] .
III. INCREASING DENSITY OF THE LAMO GRID
The first step of changing the LAMO3 version into the LAMO4 version is increasing density for the HM grid, in order to match the HM body with the fine hydrological network of LAMO3. In LAMO3, some elements of the network were located so close that they were touching. The drawback can be eliminated if the plane approximation step of HM is reduced from 500 meters to 250 meters. Then density of the HM grid increases fourfold.
In order to investigate how the change in the grid step effects the distribution of all LAMO flows (qinflow, qrivers, qlakes, qwells), the intermediate version LAMO4.1 was created. The elements of k-maps and m-maps were obtained by linear interpolation. Elements of the ψ-type boundary conditions also were interpolated In a figurative sense, LAMO4.1 was the "clone" of LAMO3.
In Table II , groundwater flows are given for the LAMO versions. It is obvious that the flows qinflow, qrivers, qlakes of the LAMO4.1 version are smaller than the ones of LAMO3. In Table III , information is presented about the areas which join the HM with rivers and lakes. These data explain why the flows qrivers and qlakes in LAMO4.1 are smaller than in LAMO3. The areas Lriver and Llakes that have links with rivers and lakes can be computed, as follows:
where Nriver and Nlakes are the number of rivers and lakes, respectively. By using (6) , data of Table III were obtained if h = 0.5 km and 0.25 km for LAMO3 and LAMO4.1, respectively. For LAMO4.1, Nriver = 89 688 is almost two times larger than for LAMO3 (42 137). The area Lriver = 5605 km 2 for LAMO4.1 is almost two times smaller than that for LAMO3 (10 534 km 2 ). For this reason, qrivers is smaller for LAMO4.1. However, the sum of links for Grivers is almost equal for both versions.
For LAMO4.1, the Llakes area is smaller than that for LAMO3, because the number Nlakes is smaller for LAMO4.1. This is caused by the finer approximation of the lake areas, when h = 250 meters. For this reason, qlakes is smaller for LAMO4.1. The decrease in the flow qinflow for LAMO4.1 is caused by the the smaller flows qrivers and qlakes.
IV. CALIBRATION OF HM BY ACCOUNTING FOR MEASURED RIVER STREAMS
The second step of creating of LAMO4 is the change of the LAMO4.1 version into LAMO4.2 by accounting for the data provided of measured river streams. It is explained in the Appendix how these data have been used for obtaining the targets for calibration of 69 primary drainage basins of LAMO. The links Griver of (2) were adjusted to match the simulated qriver with the target flow of the basin under consideration. It follows from Table IA in the Appendix that the rather close match has been achieved for each primary basin and also for the whole territory of Latvia.
In Tables IV-VIII , the simulated groundwater flows for Latvia and for the united river basins of Gauja, Daugava, Lielupe, and Venta are represented, accordingly. Each row of those Tables contains the local groundwater flow balance that is obtained by the mass balance tool of GV. For an aquifer, GV computes the flows qtopin, qtopout, qbotin, and qbotout. The sum of these flows is the inflow qinflow:
The flow qinflow exists only for the m > 0 area of a layer. The GV system also finds the flows qriver, qlakes, qborder, and qwells, accordingly, for rivers, lakes, external boundaries, and exploitation wells. The sum of these flows must be in balance with qinflow:
The graphical scheme for the expressions (7) and (8) is given in Figs 3a and 3b, correspondingly. There the "Module" represents any part of the geological environment which flow balance is under consideration. In Tables IV-VIII, the local flow balance is given for any aquifer, for whole HM, for the Quaternary, and for Primary strata systems.
In Fig. 4 , the last three rows of Table IV are exposed.  In the Tables IV-VIII , the row for the Q2 aquifer does not provide the full information about the flow balance on the top of HM. It follows from this balance that some part of the infiltration flow qinf returns for the ground surface as the runoff flow qrunoff. This fact is explained in Table IX , where the balance on the top of Q2 aquifer is shown for the united river basins and for Latvia. The ratio qrunoff./qinf. shows the relative part of the infiltration that turns into the surface runoff flow. It takes place at areas where the ascending groundwater flow reaches the land surface, usually, at lowland areas.
The data regarding flow balances for Latvia and its four united river basins will be analyzed in order to obtain deeper understanding of the groundwater processes of the country. The computer-based inventory for river base flows qriver will be developed in order to account for sources that support them. For the LAMO3 version, its k-maps were improved by using the data provided by the pumping tests of wells [5] . However, the following problems of using the formula (4) were not solved satisfactorily:
 jumpwise changes in k were not eliminated at locations of incised river valleys;  in the m → 0 areas, extreme values of k were not suppressed;  data of well pumping tests were not validated. For LAMO4, these drawbacks have been eliminated [7] :
 the jumpwise changes have been excluded, because the m0-maps without incisions were used for the LAMO4 case. Such maps are being used as the starting position for all necessary changes in the HM geometry;  to suppress the extreme k values for the m → 0 zone, the following correction matrix C was used:
where the factor 0.75 was chosen empirically; mmean is the mean thickness of an aquifer in its m > 0 area. The corrected kcor and T for GV were obtained, as follows:
where γ, liter/sec km 2 , is the well's specific capacity which is obtained from a pumping test; m is the real m-map of LAMO4 where incisions of river valleys exist. The specific capacity γ data of (8) were taken only from verified wells. The verification was done by a special software tool that was developed for this task [6] .
In Table X , the summary on the k-maps of LAMO2, LAMO3, and LAMO4 versions is given [6] . For each HM version, kmean and kmax/kmean are presented. For the LAMO2 version, kmax/kmean = 1.0, because constant values of k were used for all aquifers. For the LAMO3 and LAMO4 versions, the ratio kmax/kmean is variable. For LAMO4, the ratio kmax/kmean is larger than for the LAMO3 version, because the values qmin = 0.2 and 0.3 were used for bounding of the initial data of LAMO3 and LAMO4, correspondingly. It is possible to improve the k-maps of LAMO4, if the data of screens positions of wells will be accounted for [6] .
VI. APPLIANCE OF LAMO FOR GROUNDWATER PARTICLE TRACKING
In the GV system, the MODFLOW program [9] is used for running LAMO. This program is joined with the MODPATH program [10] that is applied for tracking of groundwater particles. MODTATH can provide useful results only if MODFLOW carries reliable HM, such as LAMO4. It is described in [11] that the appliance of MODPATH with the HM for Lithuania eastern part provided very impressive results on modeling isotope geochemistry.
MODPATH is often used for finding borders of sanitary protection zones of well fields. Then the migration time for water particles does not exceed 25 years.
In the paper [7] , the case of the Iecava river is investigated by using MODPATH for finding sources of the river base flow. As expected, the inflow through the HM top surface (caused by precipitation) forms the river base flow. A small part of the base flow is caused by the ascending flow from the HM bottom surface. However, if the particle tracking time was not limited, it turned out that some amount of groundwater comes from the areas located very far from the drainage basin of the river. Also, it was not expected that even within the drainage basin, many particle traces had very complex 3D shapes. This unforeseen fact will be investigated for other rivers of the country.
VII. CONCLUSION
In 2015, the new upgrades of the hydrogeological model of Latvia LAMO4 were accomplished. The plane approximation step of the HM grid was decreased from 500 meters to 250 meters. The river flows of LAMO4 account for real measurements of the river streams of Latvia. The LAMO4 version will be applied for updating the information that is necessary for water management planning, as the base for building detailed local models, and for investigation of complex geochemical processes. A. General Hydrological Relationships For the steady state mean hydrological conditions of Latvia, the general relationship holds:
where qprec, qinf, qrun, and qevap are the mean flows of precipitation, infiltration, surface runoff, and evaporation, respectively. The LAMO system simulates the spatial distribution of the infiltration qinf that contains the following parts [4] : qinflow = qrivers + qlakes + qwells + qboundary (2a) where qrivers, qlakes, qwells, and qboundary are the mean flows of rivers (base flow), lakes, discharge wells, and the flow passing through the borderline of Latvia, accordingly.
The full flow of rivers qfriv, which can be directly measured, contains two parts:
(3a) The ratio:
qrivers / qfriv = qrivers / (qrivers + qrun ) (4a) displays the relative part of groundwater (base flow of a river) into the full flow qfriv. The measured flow qfriv in time is the river stream hydrograph.
To obtain qrivers for a drainage basin, the hydrograph must be separated into its groundwater and surface runoff parts.
When the river base flow qrivers is found, the groundwater inflow, thous.m 3 /day, into the river or its segment can be described by the relationship:
where Mrivers (liter/sec km 2 ) and Lrivers (thous. km 2 ) are the river drainage module and the area of the drainage basin, respectively.
In books [12] and [13] , the data of Mrivers are available for the river stream monitoring stations of Latvia. The isoline maps of Mrivers are also presented for the land area of the country.
It can be deduced from [12] The qrivers ~ 124 000 thous.m 3 /day is the mean value for the land territory of Latvia. To calibrate LAMO by accounting for the results of measured river stream flows, the distributions of qrivers and Mrivers have to be found for local drainage basins.
It is explained in [14] and [15] how from the hydrograph of a river, the base flow qrivers can be sorted out. Estimates of qrivers for LAMO4 were obtained by using the data of books [12] and [13] .
B. Estimation of the River Base Flows for Local Drainage Basins
The land territory of Latvia was divided into 69 primary local drainage basins (Fig. 1a) . Each basin is enveloped by its polygon. By using the polygon, in GV the full mass balance (2a) for the drainage basin and for its Quaternary aquifer Q2 can be obtained. The difference of these balances gives the balance for the primary aquifers. By using these data, calibration of qrivers for the basin can be done by comparing the projected river flows as targets with the existing ones. The existing flows must be changed in order to match the targets. In most of the cases, the result can be achieved by adjusting the links of rivers with the drainage basin.
Each primary drainage basin is marked by its number that contains four positions. The positions have the following meaning:
 the first is the number of the four united river basins of Latvia: 1 -Gauja; 2 -Daugava; 3 -Lielupe; 4 -Venta;  the second is the number of subbasins of the united ones; the basins have the following number of subbasins: Gauja -3; Daugava -2; Lielupe -none; Venta -4;  the third denotes the numbers of segments of subbasins of the four larger rivers which have the following number of segments: Gauja -7; Daugava, Lielupe, Venta -4. The number of segments and their location depends on the set of river stream monitoring posts on a river;  the fourth is the number of the primary drainage basin within a segment. In Fig. 1a, Fig. 2a, Fig. 3a, and Fig. 4a , accordingly, the 69 primary drainage basins, 34 segments of basins, 10 subbasins, and 4 united basins are shown.
To estimate the river base flow for the primary drainage basins, the map of isolines for the drainage module M [12] was projected on the map of Fig. 1a (see Fig. 5a ). By taking into account the data carried by Fig. 5a and the information provided by the book [13] , the river base flows for each of the 69 primary drainage basins were estimated (Table IA) . By using data of Table IA, the estimated river base flows for 4 united basins and 10 subbasins were obtained (Table IIA) . Table IIIA contains data for segments of the four largest rivers of Latvia.
The mean estimated river base flow 12 423 thous. m 3 /day for Latvia (Table IIa) is only slightly larger than 12 400 thous. m 3 /day that was obtained from the general hydrological parameters of Latvia. 
